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ABSTRACT 
Poly(Styrene-co-Maleic Anhydride) copolymers (PSMA) with controlled number and 
distribution of maleic anhydride (MAnh) units were synthesized by reversible addition-
fragmentation chain transfer (RAFT) polymerization using chain-transfer agents (CTA) 
suitable for industrial scale processes. Linear and star shaped alternating PSMA polymers were 
prepared in a single-step synthesis, while a one-pot sequential chain-extension strategy was 
utilized to prepare diblock, multiblock and multisite copolymers architectures. A library of 
grafted PSMAs with controlled density and distribution of side chains was achieved by the 
subsequent grafting of long aliphatic alcohol chains (C22) to the MAnh units. The influence of 
structure, composition, and long alkyl chain addition on PSMAs behavior in solution was 
studied with triple-detection size exclusion chromatography (SEC), while their thermal 
properties were examined by thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC). Overall, the side chain density and distribution did not impact the polymer 
conformations in solution (random coil), however, an effect on the molecular size (Rh) and 
structure density (intrinsic viscosity) were observed. The materials density was shown to be 
dependent on polymer architectures as lower intrinsic viscosity was observed for star 
copolymer. All the materials had similar degradation point (400 °C) while, the rate of 
degradation showed a dependence on the MAnh content and polymeric architecture. 
Ultimately, the grafting of long aliphatic side chains (crystalline) onto the PSMA backbone, 
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even at low density, was shown to drastically change the microphase ordering, as all the grafted 
copolymers became semi-crystalline. The difference of the crystallization temperature between 
low density multisite materials (Tc ≈ 8 °C) and the high density alternating material (Tc ≈ 
40 °C), highlights the major importance of controlling copolymer composition and structure to 
tune material properties. 
INTRODUCTION 
A significant challenge in modern macromolecular science is to mimic nature to achieve 
complex copolymers with highly controlled chemical composition and molecular structure.1, 2 
The rise of recent studies on advanced polymeric architectures, such as brushes, star-shaped, 
cyclic and other functional (co)polymers with controlled grafting density and distribution, 
suggests an increasing interest in this field.3-9 Graft copolymers can adopt different 
conformations (such as coil, rodlike or wormlike) determined by their chemical composition, 
architecture, and their interaction with the solvent.10-12 Moreover, the control over grafting 
density and distribution has also been found to be of fundamental importance when preparing 
tailored nanoscopic objects with interesting mechanical and physicochemical properties (e.g. 
self-assembling or stimuli-responsive materials).13-16 Functional copolymers can also offer 
different properties depending on their grafting density and distribution of functional groups.17, 
18 The control of monomer sequence/distribution itself has been observed to be of interest to 
control some physical properties of copolymers such as solubility, amphiphilicity, assembly 
and thermal properties.19, 20 Recently, the effect of block segregation (multiblock structure) on 
microphase separation and glass transition temperature (Tg) was demonstrated.21 Another study 
on thermo-responsive, spontaneous gradient copolymers showed the effect of monomer 
sequence and distribution on glass transition and self-assembly behavior.22 These examples of 
non-grafted copolymers show the importance of controlling monomer distribution to tune the 
physicochemical properties of copolymers. Due to the donor-acceptor effect and a high rate 
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coefficient of cross-propagation (kcp), the radical copolymerization of styrene (Sty) and maleic 
anhydride (MAnh) is a unique combination that offers sequence controlled copolymers 
(alternating).23, 24 Furthermore, the facile functionalization of MAnh moieties offers an efficient 
way to prepare functional materials of high sequence control, and high density and distribution 
of the grafted functionalities.25 Alternating poly(Sty-alt-MAnh) (PSMA) materials have been 
synthesized on an industrial scale by free-radical polymerization since the 1940s, and their 
derivatives are commonly used in applications such as rheology modifiers, plasticizers, 
polymeric surfactants and pigment dispersants.26 Their advantageous mechanical and thermal 
properties, high chemical resistance and high degree of functionality are regularly described in 
scientific and technical reviews.27-29 Moreover, with the recent developments in controlled 
radical polymerization techniques (CRP) such as metal-mediated radical polymerisation (e.g. 
ATRP and SET-LRP),30-32 nitroxide-mediated polymerisation33 and reversible addition-
fragmentation chain transfer (RAFT) polymerization,34, 35 the exceptional features of this 
donor-acceptor system have been re-investigated to achieve well-defined alternating 
copolymers (controlled Mn, narrow dispersity),36-38 polymer end-chain functionalization39and 
single monomer unit insertion.40-46 PSMA materials with various composition and controlled 
structure were also synthesized by exploiting the versatility of RAFT polymerization.47-50 
Recently, our group showed the facile and scalable RAFT synthesis of a PSMA multisite 
copolymer with MAnh units inserted at precise locations along a polystyrene backbone.40 The 
ability to synthesize functional materials with high degree of control on functional group 
distribution was demonstrated. In a recent study, Srichan et al. demonstrated the influence of 
monomer composition and sequence distribution of octadecyl styrene-co-N-substituted 
maleimide copolymers on the melting and crystallization temperatures of semicrystalline 
materials, however, this is yet to be investigated for more advanced architectures.17 
In this work, a library of complex PSMA architectures (alternating, diblock, multiblock, 
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multisite, and alternating star) was prepared by exploiting a one-pot, sequential chain-extension 
by RAFT polymerization. Well-defined PSMA materials were produced on gram scale using 
industrial CTA (technical grade, 80 % pure) (Scheme 1). The PSMA materials were 
subsequently functionalized with long aliphatic alcohols, leading to graft-like copolymers of 
controlled side group density and distribution. The grafting density and distribution were 
evaluated, and their effects on the physical and thermal properties were studied. 
Scheme 1. Synthesis of well-defined grafted PSMA copolymers using optimized RAFT 
polymerization with industrial CTAs and post-polymerization esterification of MAnh 
units. 
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RESULTS AND DISCUSSION 
In this work we present the synthesis of well-defined grafted PSMA materials allowing to study 
the influence of grafting density and distribution on materials’ properties (Scheme 1). The 
PSMA backbones were synthesized by an optimized RAFT polymerization using industrial-
grade RAFT agents.51-53 The rationale behind this is to highlight the feasibility of the method 
for industrial scale production of polymers with well-defined architecture and composition. 
The linear copolymers were synthesized using technical grade butyl-2-methyl-2-
[(dodecylsulfanylthiocarbonyl)sulfanyl] propionate (CTA-Ester) without purification (80 % 
pure). The ability to obtain well-defined polymeric architectures from low grade RAFT agents 
is essential for the development of large scale RAFT process which has been reported in only 
a few recent studies.40, 52 Additionally, the synthesis of a tetra-functional CTA-Ester (4xCTA) 
enabled the preparation of a four arm PSMA star copolymer. The 4xCTA was synthesized 
following a Dean-Stark process commonly used in industry (Scheme S1) by esterification of 
CTA-Acid (CTA-Ester precursor) and pentaerythritol in the presence of an acid catalyst (i.e. 
methane sulfonic acid). Approximately, 1 gram of pure 4xCTA was obtained after purification 
by column chromatography. The conversion of CTA-Acid into 4xCTA was confirmed by 1H 
and 13C NMR spectroscopy (Figure S1-S2), and MALDI-ToF-MS (Figure S3). 
Four linear PSMA copolymers with comparable molar mass (5,000-6,000 g mol-1) but different 
monomer unit distributions were synthesized to study the influence of molecular structure on 
material properties, such as conformation in solution and thermal behavior (Table 1). The 
maleic anhydride content (density) in each material (total DP ~ 50-56) was varied from 28 units 
for the alternating (highest density of side chains) to 6 units on average for the multisite 
copolymer (lowest density). Furthermore, the monomer distribution was tuned from perfectly 
alternating to a multiblock-like structure, varying the segmentation between the copolymers. A 
linear alternating PSMA (alt-PSMA-50k) with higher molar mass (50,000 g mol-1), and its star 
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analogue, were also synthesized to compare the effects of the molar mass and architecture. 
 
Table 1. PSMA Materials Features 
Materials  
Mn,theoa 
g mol-1 
Mn,RIb 
g mol-1 
Mn,3d-SECc 
g mol-1 
Ð RIb 
Nb 
MAnh d 
P[SMA]28 Alt-Linear 5,600 8,100 f 6,200 f 1.13 f 23 
P[Sty27-b-(SMA)14] Diblock 5,600 5,300 f 6,400 e 1.22 f 13 
P[Sty10-b-(SMA)5]2-b-PSty10 Multiblock 5,100 4,100 e 5,100 e 1.20 e 10 
P[(Sty10-s-MAnh1.5)4-b-PSty10] Multisite 5,900 5,200 e 6,400 e 1.29 e 5 
P[SMA]250 Alt-Linear 50,700 54,500 f 48,200 f 1.19 f 225 
4xP[SMA]60 Alt-Star 47,600 47,200 f 44,900 f 1.15 f 200 
a Calculated by 1H NMR. b Obtained using conventional SEC with RI detector. c Obtained using triple-detection 
SEC (3d-SEC). d Number of MAnh units calculated from 13C NMR using peak at 172 ppm. e SEC in Chloroform. 
f SEC in DMF 
 
Synthesis of alternating PSMA Materials. 
The synthesis of alternating PSMA by RAFT is relatively easy to accomplish and was achieved 
following a methodology adapted from previous studies.36, 54 The polymerizations were 
performed at 60 °C using an equimolar feed ratio of Sty and MAnh in the presence of either 
the industrial grade CTA-Ester or pure 4xCTA. A minimum concentration of initiator (V601; 
T1/2-10h = 66 °C) was used to obtain well-defined alternating PSMA materials within 24 hours 
(conv. > 90 %) (Table S2-S3). Due to the nature of 4xCTA, linked to the core via the R group 
(Scheme 1), the RAFT polymerization occurred via core-first strategy and using R group 
approach.6, 55 This strategy allows the synthesis of star copolymers with a defined number of 
arms, growing from the core, however, it is also important to note that this strategy will produce 
linear species away from the core due to the initiator derived chains and the fragmentation of 
the Z group. Thus, the star copolymer was synthesized according to previous protocols, where 
a minimum amount of initiator is added to limit these undesired events.56 To our knowledge, 
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this is the first reported example of a 4xPSMA star prepared by RAFT. The formation of well-
defined alternating PSMA copolymers was confirmed by 1H NMR spectroscopy (Figure S5-
S7), size exclusion chromatography (Figure S8), and MALDI-ToF-MS (Figure S9), all 
showing good agreement between theoretical and experimental molar mass values and narrow 
molar mass distribution (Table 1). The alternating nature of the copolymers was confirmed 
using 13C NMR spectroscopy. Briefly, the local neighboring repeating unit (triad) can be 
categorically determined by following the relative chemical shift (δc) of the quaternary 
aromatic carbon (Carom) of Sty residue at δc =135-150 ppm (Figure 1). It is known that an 
alternating sequence (MSM) shows a main peak at δc =135-141.5 ppm while for the random 
(SSM) and homopolystyrene (SSS), peaks between δc = 141.5-144.5 ppm and δc =144.5-
148 ppm are observed, respectively.57, 58 All alternating materials exhibited a main peak 
between δc =135-145 ppm confirming the main alternating nature of their monomer sequences 
(Figure 1 – D-F). The minor peaks in the random region were attributed to marginal Sty-Sty 
defects in the microstructures. 
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Figure 1. 13C NMR spectra showing quaternary carbon of styrene for materials with different 
composition. 
Synthesis of diblock PSty-b-PSMA 
The synthesis of block copolymers of PSMA by RAFT in a one-step process (excess of styrene 
in monomer feed), has been previously described in literature.49, 50 Although this method is 
quick and efficient to produce PSMA-b-PSty diblocks on large scale, the excess of Sty in the 
monomer feed increases the probability of defects (Sty-Sty) in the monomer sequence of the 
PSMA block. Herein, the diblock was synthesized starting with a PSty block of DP = 27 and 
subsequent chain extension (one-pot) using an equimolar feed of Sty and MAnh to achieve an 
alternating PSMA block of DP = 14 (Table S4-S5). The first block (PSty macroCTA) was 
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synthesized with V-40 as initiator (T1/2-10h = 88 °C) at 100 °C following a procedure developed 
previously,40 while the extension step with the SMA block was achieved following the 
conditions used above for alt-PSMA materials (V601 at 60 °C). Importantly, the complete 
consumption of V-40 initiator during the first block synthesis allowed the subsequent one-pot 
chain extension with a different initiator (V601) without taking into account the amount of 
previous initiator left. The synthesis of a well-defined diblock PSty-b-PSMA with molar mass 
similar to the alternating material and narrow dispersity was confirmed by 1H NMR (Figure 
S28), SEC (Figure S29-30) and MALDI-ToF-MS (Figure S31). Furthermore, the existence of 
two distinct peaks in the 13C NMR spectrum (Figure 1 - C) confirmed the presence of blocks 
with different nature (SSS vs. MSM) in the copolymer. 
 
Synthesis of multiblock (PSty-b-PSMA)2-b-PSty 
A multiblock PSMA copolymer was designed to obtain two short blocks of alternating PSMA 
of DP = 5 separated by PSty blocks of DP = 10 (Table S6-S7). In contrast to the diblock 
synthesis, a single initiator system (V-40) was used and the concentration of residual initiator 
after each step was taken into consideration. The PSty blocks were synthesized at 100 °C, 
however, a lower polymerization temperature of 70 °C was applied for the PSMA block. These 
conditions ensured a high propagation rate for the SMA comonomers, while limiting the 
homopolymerization of styrene monomers (Sty-Sty defects). Following this method, a high 
conversion (>82 %) for each block was achieved (Table S7), and the final material was obtained 
with a theoretical molar mass comparable to previous materials, and relatively good control 
over molar mass distribution (Table 1 – Figure S38-S40). Similarly to the diblock copolymer, 
the presence of two distinct peaks in the 13C NMR spectrum confirmed the presence of blocks 
with different nature (SSS vs. MSM) (Figure 1 - B). 
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Synthesis of multisite (PSty-s-MAnh)4-PSty 
The synthesis and characterization of the multisite PSMA are detailed in our previous paper.40 
This original architecture was prepared in order to obtain a well-defined graft copolymer with 
low density and precise anchoring location of the side chains. The synthesis of the multisite 
copolymer was designed accordingly in order to distribute at least one MAnh unit (1.5 eq. used) 
on every 10 units of Sty, on average. The final copolymer was composed of 5 PSty blocks of 
DP = 10 each connected with 6 MAnh units on average, as 1.5 eq. of MAnh was added for 
each single monomer unit insertion (SMUI) step. The final multisite copolymer exhibited 
relatively narrow dispersity and molar mass comparable to previous materials (Table 1). The 
13C NMR spectrum showed a major peak corresponding to homopolystyrene (144-148 ppm) 
and minor peaks corresponding to random and alternating sequences (Figure 1 – A). This was 
in good agreement with the expected structure as few MAnh units were dispersed locally in the 
PSty backbone, either as single monomer units (random triad) or as short alternating blocks 
(alternating and random triads).  
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Synthesis of graft PSMA copolymers 
All PSMA materials were functionalized by reacting the MAnh units with behenyl alcohol 
(C22) yielding graft-PSMA analogues (Scheme 1). Long alkyl chains were selected as 
functional side groups enabling graft-PSMA materials for use as potential rheology modifiers 
in the oil industry.59-61 The full esterification of MAnh moieties was achieved in the presence 
of methane sulfonic acid under reflux of toluene in a Dean-Stark apparatus following a similar 
process used for 4xCTA preparation. The esterification yield, average number of alkyl chains 
grafted, and molar mass of the final materials were determined by IR, quantitative 1H and 
13C NMR spectroscopy and triple-detection SEC (3d-SEC) (Supporting Information - 
Functionalization sections). The IR spectrum showed a complete disappearance of the MAnh 
carbonyl symmetric and asymmetric stretch peaks at 1,850 cm-1 and 1,770 cm-1, respectively, 
and appearance of an ester carbonyl stretching peak at 1,730 cm-1. Additionally, the 
introduction of long alkyl chains greatly increased the intensity of the alkane C-H stretch peaks 
at 2,700-3,000 cm-1. The number of alkyl chains grafted onto each backbone was determined 
from the 13C NMR spectrum using the Carom of Sty as the reference peak (δc = 126 ppm) and 
the peak from the methylene group adjacent to an ester linkage (64.5 ppm). Interestingly, the 
final number of alkyl chains inserted was consistent with the theoretical average number of 
MAnh inserted in the backbone, confirming the original backbone composition (Table 2). The 
yield of esterification was calculated by comparing the number of alkyl chains grafted to the 
number of maleic anhydride units in each chain, determined previously. High yield of 
esterification (> 87 %) was confirmed for all materials. The alt-PSMA showed a slightly lower 
esterification yield as a result of limitations imposed by steric hindrance due to the higher 
MAnh density in the backbone. For this reason, the esterification of the 4xPSMA star polymer 
with similar MAnh density to the linear alt-PSMA was left to react longer (38 hours vs. 20 
hours), which resulted in a higher esterification yield. 
 13 
Table 2. Evolution of PSMA features after grafting 
 PSMA Backbones Graft PSMAs 
Materials 
Mn,3d-SECa 
g mol-1 
Ð RI
b MAnhc Ngraft d 
% 
Yield e 
Mn,calcf 
g mol-1 
Mn,3d-SECa 
g mol-1 
Ð RI
b 
Alt-Linear 6,200 h 1.13 h 23 40 87 18,700 21,900 g 1.16 g 
Diblock 6,400 g 1.22 h 13 25 96 13,800 14,700 g 1.12 g 
Multiblock 5,100 g 1.20 g 10 19 95 11,200 11,100 g 1.17 g 
Multisite 6,400 g 1.29 g 5 10 99 9,200 9,300 g 1.20 g 
Alt-Linear 48,200 h 1.19 h 225 394 87 179,800 174,200 g 1.26 g 
Alt-Star 44,900 h 1.15 h 200 396 99 177,100 180,200 g 1.21 g 
a Obtained using triple-detection SEC (3d-SEC). b Obtained using conventional SEC with RI detector. c Number 
of MAnh units calculated from 13C-NMR using peak at 172 ppm. d Calculated from 13C-NMR using peak at 64.5 
ppm. e Functionalisation yield calculated by comparing the number of alkyl chains grafted with number of MAnh 
units inserted. f Calculated from 13C-NMR using Mn,theo backbone + Ngraft x Mw,Alkyl. g SEC in Chloroform. h SEC 
in DMF 
 
 
Both materials with higher molar mass (linear and star 50k) showed comparable molar mass 
after grafting (≈ 180,000 g mol-1). For all materials, a shift of the initial molar mass distribution 
towards higher molar mass and retention of narrow dispersity were observed after 
functionalization (Table 2 – SI - Functionalization sections). The true molar mass values 
obtained by triple-detection were shown to be in good agreement with the calculated molar 
masses, confirming the complete esterification of the PSMA backbones, and the synthesis of 
functional materials with excellent control of side chain incorporation. 
 
Comparison of PSMA materials features and properties 
The different graft architectures (linear alternating, diblock, multiblock, and multisite) were 
prepared from PSMA backbones with comparable molar masses, as shown by triple-detection 
SEC and MALDI-ToF-MS (Figure 2).  
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Figure 2. Comparison of molar mass distribution for short PSMA backbones measured 
by triple-detection SEC (A) and MALDI-ToF-MS (B).  
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While conventional SEC (DRI detection) provides relative information on molar mass 
distribution and allows good comparison of polymers of similar nature, limited information 
can be obtained compared to more advanced detection methods. Here, triple-detection SEC 
(DRI, VS, and LS) was used to determine the true molar mass (Mn-3d-SEC) and gain 
complementary information, such as the hydrodynamic radius (Rh) (molecular size parameter), 
and the intrinsic viscosity (IV) and Mark-Houwink parameter (α). 
Study of materials behaviors in solution by 3d-SEC 
The direct comparison of the materials behaviors in solution was limited by their solubility as 
they were not all soluble in the same solvent. The alt-PSMAs with high content of MAnh 
exhibited poor solubility in CHCl3 and therefore were analyzed in DMF. On the other hand, all 
other grafted materials showed good solubility in CHCl3. All the non-grafted linear polymers 
(ca. 6,000 g mol-1) had similar Rh (1.8-1.9 nm) indicating that the MAnh density and 
distribution have a negligible effect on their molecular size (Table 3). Moreover, all polymers 
adopted random coil conformations in their respective solvents according to the Mark-
Houwink parameter values (α > 0.5).62, 63 No significant differences were observed with respect 
to intrinsic viscosity, which is expected for copolymers of similar molar mass, density and 
conformation. As expected, an increase in molecular size was observed for longer copolymers 
(50,000 g mol-1). The 4xPSMA was smaller in molecular size compared to the linear alt-PSMA, 
which is attributed to its slightly lower molar mass. Moreover, it is usually observed that star 
polymers adopt a more compact structural conformation compared to their linear 
counterparts.62, 63 Herein, both alt-PSMA and 4xPSMA appeared to adopt similar hard sphere 
conformation in DMF (α < 0.5), however, a difference in intrinsic viscosity was observed 
(0.356 for linear vs. 0.270 for star). This was not surprising as more compact architectures (star, 
comb or branched) have less impact on viscosity compared to a linear counterpart of similar 
molar mass.62, 63 
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Table 3. Features of materials in solution 
 
PSMA Backbones Grafted PSMAs 
Mn,3d-SECa 
g mol-1 
R
h
a
 
(nm) 
IV 
a 
(dl/g) 
α 
a Mn,3d-SEC a 
g mol-1 
R
h 
a
 
(nm) 
IV 
a
 
(dl/g) 
α 
a 
Alt-Linear 6,200 c 1.94 c 0.074 c 0.56 c 21,900 b 2.89 b 0.069 b 0.71 b 
Diblock 6,400 b 1.87 b 0.065 b 0.88 b 14,700 b 2.61 b 0.077 b 0.73 b 
Multiblock 5,100 b 1.79 b 0.072 b 0.86 b 11,100 b 2.42 b 0.080 b 0.83 b 
Multisite 6,400 b 1.90 b 0.068 b 0.73 b 9,300 b 2.30 b 0.081 b 0.72 b 
Alt-Linear 48,200 c 6.51 c 0.356 c 0.28 c 174,200 b 8.82 b 0.248 b 0.59 b 
Alt-Star 44,900 c 5.77 c 0.270 c 0.30 c 180,200 b 8.26 b 0.196 b 0.69 b 
a Obtained from triple-detection SEC (RI, Viscometer, LS) using dn/dc values measured off-line. b SEC 
in Chloroform. c SEC in DMF 
 
After functionalization, the molecular size was found to correlate with the grafting density and 
the backbone length. For the materials allowing the comparison before and after 
functionalization (where analysis in the same solvent was possible), slightly lower, or similar, 
α values were observed after grafting, due to a more compact structure. Overall, the side chain 
density and distribution did not impact the structures in solution as all the polymers displayed 
similar α values (α ≈ 0.7-0.8), corresponding to random coil conformation. For the diblock, 
multiblock and multisite materials, an increase in IV was observed after grafting which was 
expected due to the increase in molar mass. A correlation between grafting density and a 
decrease in IV was observed, regardless of the increase of molar mass (from 9,300 g mol-1 for 
grafted multisite to 21,900 g mol-1 for the alternating counterpart). This indicated that the 
grafting density of side chains had more impact on structure density than the molar mass. The 
longer graft alt-PSMA and 4xPSMA copolymers showed similar molecular size and appeared 
to adopt a random coil conformation while being slightly more compact compared to the short 
backbone materials (α ≈ 0.6-0.7). Moreover, they showed a drastic increase in IV (from 0.069 
to 0.248 dl/g), expected due to the difference of molar mass. The lower IV observed for the star 
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material was expected as the increase of molecular size with respect to molar mass is slower 
for star materials compared to their linear counterparts.62, 63 
Influence of material structure on thermal properties 
The thermal stability of all PSMA materials was evaluated by thermogravimetric analysis 
(TGA) under N2 gas flow in the temperature range 25-650 °C, at a heating rate of 10 °C/min. 
The evolution of the mass loss with temperature and the corresponding differential 
thermogravimetric curves (dTG) for all materials are shown in Figure 3 (details in SI – Thermal 
analysis sections). Three distinct degradation steps were observed, where temperature of 
degradation and rate of degradation depend on the material’s chemical composition and 
structure (i.e. MAnh density, Mw, functionalization degree). The first step (100-200 °C), 
predominantly observed for the copolymers with high content of MAnh (i.e. alt-PSMA) is due 
to the release of water, CO2, and CO from the cyclization of partially hydrolyzed MAnh and 
its decomposition.64-66 The second step was attributed to the thermal degradation of the 
trithiocarbonate (-CS3-) end group of CTA which usually occurs from 200-300 °C for PSty 
synthesized by RAFT.67, 68 A third degradation step from 325-450 °C was observed for all the 
materials and is attributed to the degradation of the polymer backbone and aliphatic chains. 
Control analysis performed on CTA-Ester and aliphatic chains (Figure S53) confirmed a first 
mass loss for CTA-Ester between 200-270 °C (-CS3- degradation), followed by a second 
degradation step from 270-350 °C (CTA alkyl chain degradation), which overlaps with the 
aliphatic chain degradation from 250-350 °C. 
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Figure 3. Derivative of mass loss (top) and mass loss (bottom) for PSMA materials 
before (left) and after (right) functionalization measured by TGA. 
 
The PSMA backbones (Figure 3 - A and C) exhibited a maximum rate of degradation 
temperature (Ti) from 390-410 °C (Table S8). While an intermediate Ti was observed for the 
4xPSMA (400 °C), the Ti for linear-PSMA and the multiblock materials were observed at a 
temperature 20 °C lower compared to the multisite and diblock. Moreover, a correlation 
between MAnh content and a decrease of the onset of degradation temperature and the rate of 
degradation (dTG) was observed. This confirmed the influence of material composition, 
monomer distribution and type of architecture on thermal stability of PSMA materials. By 
comparing the two linear PSMAs (5k and 50k g mol-1), similar Ti and rates of degradation were 
observed, indicating no significant effect of the molar mass. Interestingly, the 4xPSMA was 
slightly more stable (onset ≈ 340 °C vs. 320 °C) and exhibited slower kinetics of degradation 
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in contrast to its linear analogue, potentially due to the increase of intermolecular interactions 
(cross-linking). These observations clearly showed a correlation between the macromolecular 
structure and thermal stability of the polymers. 
After grafting with the alkyl chains (Figure 3 - B and D), all the linear PSMAs degrade with 
very similar profiles at higher temperature and with higher rates of degradation. No major 
differences were observed, indicating no influence of the grafting density and distribution on 
thermal stability of the alkyl functionalized materials. The star material showed also higher rate 
of degradation after grafting, however the degradation kinetics remained slower than linear 
materials, confirming the influence of the architecture (Figure 3 - B). Regarding the total mass 
loss, it is noteworthy that all the grafted materials were fully degraded before the temperature 
reached 500 °C, whereas PSMA backbones produced some residues, which appears to correlate 
with their MAnh content (Figure 3 – C D). The carbonization of PSMA has been reported 
before and is due to the transformation of cyclic and heterocyclic compounds to pyrolytic 
carbons at temperatures above 500 °C.69 The higher amount of residues obtained for the 
4xPSMA is due to the higher compactness, facilitating intermolecular interactions and 
carbonization process. 
Differential scanning calorimetry (DSC) was used to investigate the influence of monomer 
distribution and the effect of addition of crystalline side chains on a material’s glass transition 
and/or crystallization and melting behavior. Experimentally, three heating and cooling cycles 
were performed and the temperature values obtained at the second or third cycle were 
considered for comparison (Table S9). This is important as the first heating cycle contains the 
polymer’s prior thermal history and is influenced by the release of water, CO2, and CO from 
the cyclization and degradation of partially hydrolyzed PSMA materials at low temperature (as 
shown by TGA analysis). Previous studies of the thermal properties of alternating PSMA 
reported amorphous behavior, with Tg values between 150 °C and 202 °C depending on molar 
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mass.48, 49, 70 Interestingly, the alt-PSMAs synthesized in this study covered a range of molar 
masses from 5,000 g mol-1 to 50,000 g mol-1 and all showed similar glass transition 
temperatures above 200 °C (Figure 4). The variation of Tg values reported from one study to 
another was previously shown to be dependent on MAnh content and potentially due to the 
cyclization, degradation and cross-linking occurring in the first heating cycle modifying the 
copolymer composition and, therefore, the Tg values measured.64 
Previous studies on diblock and triblock (PSMA-b-PSty or PSMA-b-PSty-b-PSMA) showed 
one or two glass transition temperatures, depending on the fraction of each block.71 For 
copolymers with a short PSMA block compared to PSty block, only one Tg corresponding to 
polystyrene was observed (100 °C) and the PSMA block was assumed miscible with PSty 
block.72 Conversely, when the fraction of each block was similar, a new glass transition 
temperature close to pure PSMA was observed (150-200 °C).49, 50 In the present study, the 
diblock copolymer was composed of two blocks of similar length and exhibited two Tg (99 °C 
and 168 °C) close to the values expected for each block, showing the phase separation of these 
blocks. 
 
Figure 4. DSC heat flow graphs showing the third heating cycles for all PSMA 
backbones. 
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The multiblock and multisite copolymers exhibited only one Tg (120 °C and 101 °C, 
respectively), with the latter showing a Tg similar to polystyrene (102 °C). The multiblock 
showed only one Tg indicating that the SMA blocks (DP = 5) were not long enough to provide 
phase separation. Interestingly, the comparison of all PSMA microstructures presented in this 
study showed a correlation between increasing MAnh content and glass transition temperatures 
(Figure 4). 
The grafted materials revealed completely different behavior as all the materials became semi-
crystalline, regardless of the density of alkyl side chains (Figure 5 – Table S9). For the 
alternating materials, similar melting and crystallization temperatures were observed, showing 
no impact of molar mass or architecture (linear vs. star) on the thermal behavior, which 
appeared to be driven by the presence of long alkyl chains only. The crystalline behavior of 
copolymers with long paraffin-like side chains has already been discussed in literature.73, 74 
Moreover, the influence of copolymer microstructure on melting point was recently observed 
in a study on comb copolymers with long alkyl side chains.17 The reported melting (Tm = 40-
45 °C) and crystallization (Tc = 30-35 °C) temperatures were slightly lower compared to those 
observed in the present study for grafted alt-PSMA (Tm ≈ 53 °C ; Tc ≈ 40 °C). As observed 
previously, a lower melting temperature and a tailing were observed during the second heating 
cycle (DSC curves in SI). This is due to the slow reorganization of the crystalline phase which 
has not been completed by the end of the first cooling cycle. While alt-PSMA (high density of 
crystalline side chains) and diblock showed a sharp peak at similar melting temperature, 
broader peaks and lower melting temperatures were observed for multiblock and multisite 
materials, showing the poor reorganization of these materials. Interestingly, most of the 
materials exhibited crystallization temperatures from 30-40 °C, however, the crystallization 
point of the multisite copolymer dropped to 8 °C. The late crystallization and slow 
rearrangement of the multisite was explained by the presence of a high fraction of amorphous 
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polystyrene and low alkyl chain density in this material. Furthermore, the space between each 
alkyl chain may potentially affect their intermolecular stacking, preventing high crystallization. 
This observation was of great interest and demonstrates the potential of controlling the density 
and distribution of side chain functionalities to tune material properties. 
 
 
Figure 5. DSC heat flow graphs showing the second heating (top) and cooling (bottom) 
cycles for all functional materials   
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CONCLUSION 
In this study we describe the synthesis of library of well-defined PSMA architectures including 
linear multisite, multiblock, diblock, alternating PSMA, and for the first time, an alternating 
4xPSMA star. Their synthesis on gram scale was achieved by optimized RAFT polymerization 
using industrial RAFT agents (CTA-Acid and CTA-Ester). Furthermore, the industrial grade 
CTA-Ester (80 % pure) was used without purification, demonstrating the robustness of the 
RAFT process and anticipating large scale production. The PSMA materials were subsequently 
functionalized with long aliphatic alcohols, leading to graft copolymers with controlled side 
group density and distribution. The influence of copolymer composition and structure, and the 
effect of long alkyl chain addition on copolymer’s behavior in solution and the thermal 
properties were investigated. The polymer behaviors in solution was shown to be dependent on 
copolymer molar mass and grafting density (increase of Rh and IV). The material degradation 
profiles were shown to be influenced by MAnh content, molar mass and polymeric 
architectures. While materials before grafting exhibited amorphous behaviors, with Tg values 
depending on MAnh content and distribution, a semi-crystalline behaviors was observed for 
all materials after adding long alkyl side chains. The alternating materials exhibited similar 
melting and crystallization temperatures, showing no impact of molar mass or architecture 
(linear vs. star) on the thermal behavior, which appeared to be driven by the presence of long 
alkyl chains only. The crystallization temperature was shown to be highly dependent on side 
chain density and distribution. While alt-PSMA (high density of crystalline side chains) and 
diblock showed a sharp peak at similar melting temperature, broader peaks and lower melting 
temperatures were observed for multiblock and multisite materials, showing the poor 
reorganization of these materials. Interestingly, all functionalized materials exhibited a 
crystallization temperature from 30-40 °C, however, the crystallization point of the multisite 
copolymer dropped to 8 °C. This study demonstrates the importance of controlling copolymer 
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composition and architecture for future development of material properties. 
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